Helminth parasites represent a significant threat to wild, domesticated, and research animal 26 health. Pseudocapillaria tomentosa is a common intestinal nematode parasite and an important 27 source of infection in zebrafish. Symptoms of the infection vary widely from no clinical signs to 28 sever emaciation and mortality, however, the reasons underpinning these disparate outcomes are 29 unclear. Components of the microbiome may interact with parasites to influence their success in 30 the gut while parasite infections are also known to influence the composition of the gut 31 microbiome. In this study we evaluated the longitudinal changes in the gut microbiome structure 32 and gut physiology during experimental P. tomentosa infection in adult 5D line zebrafish. We 33 observed less severe signs of infection and less mortality in these fish than previously described 34 in AB line fish. However, inflammation and epithelial hyperplasia in the intestine was still 35 observed in infected 5D line fish. The composition of the microbiome changed rapidly during the 36 infection and these changes were associated with parasite stage of development and burden. 37
intestinal parasitic infection and the gut microbiome. Pseudocapillaria tomentosa, a capillarid 74 nematode that preferentially infects the guts of fish, is an important cause of disease in zebrafish 75
facilities [15] . The lifecycle of P. tomentosa can be direct or indirect utilizing oligochaetes as a 76 paratenic host [16] . In the gut, P. tomentosa causes intestinal inflammation, tissue damage and 77 epithelial hyperplasia [17] and fish infected with P. tomentosa often appear emaciated and 78 lethargic, though cryptic subclinical infections have also been reported [15] . We monitored how 79 P. tomentosa infection associates with the zebrafish gut microbiome over the course of infection. 80
We find that early time points of infection were associated with mild to moderate inflammation 81 that increased over time, consistent with prior studies [17] . P. tomentosa infection also associates 82 with an altered microbial community composition in a parasite life-history stage dependent 83 fashion. Additionally, parasitic burden at various life-history stages is correlated with the 84 abundance of specific microbiota, intimating their interaction. Our study clarifies how fish, their 85 gut microbiota, and intestinal parasites interact and intimates that the gut microbiome may be an 86
We exposed an additional, parallel group of fish to the parasite to elucidate the pathological 115 changes associated with the development and microbiome changes. Here 30 fish were exposed 116 as above, and sampled at 8, 15, 28, and 42 d post initial exposure. Fish were euthanized, 117 preserved in Dietrich's fixative, processed for histology, and stained with hematoxylin and eosin 118 using our standard protocol [18] . 119 120
16S amplicon library preparation and sequencing 121
Isolation of microbial DNA from fecal samples was performed using the MoBio PowerSoil® 122 DNA isolation kit (MOBIO, Carlsbad, CA USA) following the manufacturer's protocol. An 123 additional 10-minute incubation at 65˚C before bead beating was added to facilitate cellular lysis. 124
Immediately following this incubation the samples underwent bead beating on the highest setting 125 for 20-minute using Vortex Genie 2 (Fisher, Hampton, NH USA) and a 24-sample vortex 126 adaptor (MOBIO). One microliter of DNA was then used as input into triplicate PCR reactions 127 and the remaining DNA stored at -20˚C. Amplification of the V4 region of the 16S rRNA was 128 performed as previously described [19, 20] . To ensure proper amplification, amplicons were 129 visualized using gel electrophoresis and quantified using the Qubit® with specific classes of bacteria was random across the major bifurcations of the heatmap 164 dendrogram. We restricted this analysis to the first two bifurcations of the dendrogram such that 165 six subdendrograms that represented unique association patterns with parasite burden parameters 166 were produced. Only the three most abundantly represented classes (Gammaproteobacteria, 167
Betaproteobacteria, and Fusobacteria) were considered in this analysis. The number of OTUs 168 associated with each class was tabulated for each subdendrogram. For each permutation the class 169 label was randomly assigned to a tip on the dendrogram and the number of classes corresponding 170 the subdendrogram was tabulated. A one-tailed z-test was then used to determine if a subtree, or 171 branch of the dendrogram, contained more members of a certain class than expected if the 172 classes were distributed randomly. False discovery rate was controlled at fdr < 0.05 173 (stats::p.adjust). To determine the impact of P. tomentosa infection on the gut microbiome of zebrafish, we 180 followed the progressive impacts of the infection on the microbiome in 65 adult zebrafish. 181
Briefly, adult zebrafish were infected with P. tomentosa by exposing them to the feces of actively infected zebrafish for 3 days (Figure 1) . The earliest time point examined (6d p.e.) after 183 exposure to the parasite showed no evidence of parasite burden (Figure 2; Sup Figure 1 ). 184
Larvae were first observed 11d p.e., which coincided with peak larval parasite burden in these 185 animals. Larval burden decreased rapidly after 11d p.e. and larvae were absent completely from 186 all fish by 46d post exposure. Shortly after the presence of larvae was detected, adult worms 187 were first observed (18d p.e.). Adult worm burden peaked at 18d p.e. and then declined until the points with the exception of 39d p.e., where we observed parasite burden in 9 of the 10 fish. 194
Interestingly, there was very low mortality during the experiment (1/65) suggesting that 5D line 195 zebrafish might be more robust in the face of P. tomentosa infection than other, more susceptible 196 lines that have high mortality rates upon infection [24] . 197
198
During quantification of parasite burden it was necessary to crush the intestine to rapidly making 199 histological investigations of the impacts of parasite burden difficult. Therefore, a separate 200 cohort of fish exposed to the P. tomentosa for pathology analysis (Figure 3) . Fish were infected 201 as above and followed for 42 days after infection. As with the fish used for microbiome 202 investigation the fish in this cohort appeared clinically normal. Worms were only detected in the 203 epithelium and lumen and pathological changes were confined to the lamina propria and 204 epithelium. Early in the infection (e.g. 8d p.e.), structures consistent with necrotic or apoptotic 205 cells were frequently observed throughout the epithelium (Figure 3A, B previous studies in fish [25, 26] . The phyla Bacteroidetes and Proteobacteria were core across all 218 fish (i.e., present in 100% of samples). Other phyla including Fusobacteria, Tenericutes, 219
Firmicutes, and Cyanobacteria were also highly prevalent in these fish (present in > 50% of 220 samples). The abundance of the phylum Bacteroidetes increased in P. tomentosa infected fish 221 from 11d p.e. (p < 0.05) when compared to fish that did not have parasite burden (i.e., 6d p.e.). 222 burden except the 46d p.e. group, which also had lowest parasite burden of any group after 6d 233 p.e., when compared to 6d p.e. fish indicating that the fish from these groups are more 234 homogenous in their microbiome composition (Sup figure 2). Interestingly, intergroup 235 variability between 6d p.e. and 46d p.e. was significantly elevated when compared to those 236 between 6d p.e. and the other time points (Sup figure 2). This indicates that while individuals 237 within these groups may be more diverse when compared to other individuals in the same group, 238 individuals in these two groups are more dissimilar in terms of composition than 6d p.e. group 239 fish are to any other group of fish (Sup figure 2). This did not appear to be due to changes in 240 alpha diversity as no significant differences in alpha diversity were observed across the groups. 241
Together these data indicate that infection with P. tomentosa is associated with altered gut 242 microbial community structure. 243
244

Changes in microbiome structure are correlated with Pseudocapillaria burden 245 246
Interactions between helminths and the microbiome can facilitate, or disrupt the ability of a 247 parasite to colonize the host [14] . However, little is known about the potential interactions 248 between P. tomentosa and microbiome composition in fish. To identify potential microbe-and abundance of eggs, adults, and larvae in the intestine. Moderate-to-strong statistically 251 significant correlations (|rho| > 0.4; fdr < 0.05) were selected for downstream analysis. As the 252 parasite burden may also be correlated with time, each of OTU-burden pairs were then subjected 253 to two regression analyses. First OTU abundance was regressed against the time, then OTU 254 abundance was regressed against time plus burden. Analysis of variance (ANOVA) was then 255 used to compare these two models and the only models that incorporated burden, improved the 256 Given the clustering patterns observed across correlation coefficients we next asked if these 274 clusters were statistically enriched for specific classes of microbes. We restricted this analysis to 275 the three most abundant classes (Betaproteobacteria, Gammaproteobacteria, and Fusobacteriia) 276 in the OTU heat map and the first two bifurcations of dendrogram, which included four distinct 277 and common patterns of association with different P. tomentosa burden (Figure 4 ). In total this 278 created six clades with unique patterns of association with P. tomentosa: 1) clade 1 harbored taxa 279 that were largely positively correlated with adults worms, and had weak or no association with 280 eggs and larvae, 2) clade 2 taxa were positive correlated with adults and eggs and negatively 281 with larvae, 3) clade 3 contained clades one and two, 4) clade 4 taxa were generally exhibited 282 strong positive associations with larvae and negative associations with adults and may or may 283 not be negatively associated eggs, 5) taxa in clade 5 taxa had strong negative assocaitions with 284 adults and eggs and moderate positive associations with larvae, 6) clade 6 contained clades 4 and 285 5. We used permutation tests to determine if any of these clades were significantly enriched for a 286 specific class or classes. Gammaproteobacteria was enriched in clade 1 and 3, Betaproteobacteria 287 was enriched in clade 2 and 3, and Fusobacteriia was significantly enriched in clade 5. Parasitic 288 helminth infection is known to increase the ability of some Proteobacteria to colonize the gut and 289 cause disease [30] . It is also possible that the bacteria themselves promote parasite burden. The insight is problematic given the frequency with which wild and managed fish are exposed to 303
intestinal infections, as well as the potential for the gut microbiome to mediate these infections or 304 their health impacts. In this study we report that infection with the nematode P. tomentosa results 305 in rapid restructuring of the zebrafish gut microbiome. In addition, we find that the most 306 dramatic disruption of the gut microbiome corresponds to time points with the greatest 307 inflammation, and epithelial hyperplasia in the gut based on our parallel histology experiment. 308
Finally, we find relationships between specific stages of the parasite life cycle and microbial 309 abundance. 310
311
Our study design allowed us to determine how the gut microbiome changes over the course of 312 infection by an intestinal parasite. Specifically, we exposed fish to the parasite by simulating 313 their natural route of infection and tracked infection status and the gut microbiome over time. 314
Prior work has established that infection with helminths can disrupt the structure of the 315 [41] have also been reported. In the present study we found no evidence of altered microbial alpha-320 diversity, however, we do find changes in beta-diversity, indicating that infection with P. 321 tomentosa results in a restructuring of the gut microbiome. We also observed a decrease in intra-322 individual beta diversity in all infected time points, except the terminal time point. Furthermore, 323
we find evidence that the structure of the microbiome co-varies with the life history stage of the 324 parasite in the intestinal tract. For example, significant differentiation in the beta-diversity of the 325 microbiomes associated with the abundance of eggs, larvae, and adults. These results could 326 indicate that P. tomentosa infection alters the host environment in such a way as to select for a 327 specific conformation of the microbiome, and that the selection is differentially dependent upon 328 the life history stage of the host. Alternatively, the bacteria in these P. tomentosa infected 329 communities may simply be better able to survive in the inflammatory environment created by 330 the parasite, and that the inflammatory context of the gut changes over the course of infection. 331
We also cannot rule out the possibility that the microbiome of the parasite itself changes over for some helminth infections. For example, T. muris requires the intestinal microbiome to 343 establish infections in mice [45] . Similarly, more adult worms were recovered from mice with 344 conventional microbiomes than germ-free mice when infected with H. polygyrus bakeri [46] . In 345 the present study, we observed associations between worm burden and microbial abundance. For be an important factor in shifting microbiome structure during P. tomentosa infection. It is 371 important to point out that the histological data and microbiome data were obtained from two 372 separate cohorts of fish, therefore it is possible that the histological differences observed in this 373 cohort were not precisely reflective of those we were unable to quantify in the other. Indeed, it 374 seemed that the cohort used for histology progressed slightly faster than the fish used for the 375 microbiome experiments (i.e., larvae present at 8d p.e. in the fish used for histology compared to 376 no larvae 6d p.e. in the microbiome fish). We have shown in other studies that histology is more 377 sensitive than wet mounts for small metazoan parasites of fish [49, 50] , and perhaps the larval 378 population was not sufficiently large to be detected in the wet mount preparations. It is also 379 possible that the slight difference in timing of these experiments might have led to this research facilities results in a significant perturbation to the gut microbiome, as there exists the 394 potential that many experimental endpoints may be skewed as a result of an infection. An 395 additional concern is that infection may yield a long-lasting impact on the operation of the gut 396 microbiome, such that previously infected fish may not be appropriate for experimentation. 397
Unfortunately, we did not follow fish to the resolution of infection, with the exception of a single Non-metric multidimensional scaling plot of fish exposed to P. tomentosa. Dots are colored by 612 B) the days post exposure, C) abundance of eggs, D) abundance of larvae, E) abundance of 613 adults. PERMANOVA test were conducted to determine if variance across different parameters 614 was significant and the p value is indicated for each graph. 
